PCR assays for analyzing resistance-nodulation-division transporters from solvent-and drug-resistant bacteria in soil were developed. Sequence analysis of amplicons showed that the PCR successfully retrieved transporter gene fragments from soil. Most of the genes retrieved from petroleum-contaminated soils formed a cluster (cluster PCS) that was distantly related to known transporter genes. Competitive PCR showed that the abundance of PCS genes is increased in petroleum-contaminated soil.
The molecular mechanisms for the resistance of bacteria to organic solvents have been studied for gram-negative solventresistant bacteria (24, 29) . These studies have revealed a number of mechanisms, including (i) metabolism of solvent compounds to nontoxic metabolites (24) , (ii) rigidification of the cell membrane by modifying phospholipids (20) , (iii) alteration in the cell surface to make it less permeable (39) , (iv) formation of vesicles for removing solvents from a cell (11) , and (v) efflux of toxic compounds in an energy-dependent process (10, 24) . Among the most intensively studied solvent-resistant bacteria is Pseudomonas putida DOT-T1E, which can thrive in the presence of 1% toluene (22) . Molecular studies have revealed that the high solvent resistance of this organism is ascribable to three resistance-nodulation-division (RND) efflux pumps (23, 25) . The RND pumps of strain DOT-T1E have been grouped into the HAE1 (for hydrophobe/amphiphile efflux 1) family that also includes multidrug efflux pumps of gram-negative bacteria (32, 43) .
Bioremediation has been considered as an attractive decontamination strategy due to relatively low cost and small impact to the environment. For environments heavily contaminated with petroleum fuels, the use of bioremediation is limited, since it is only applicable after the mass of petroleum is reduced by physical and/or chemical means (26) . One reason for this limited use of bioremediation would be that a high concentration of petroleum is lethal to bacteria or at least suppresses bacterial activities. Nevertheless, bacteria that can grow under these conditions have been found (6, 34) , suggesting that they may have the ability to resist high concentrations of petroleum. Since bacteria generally have narrow substrate ranges, they should exclude noncatabolizable substrates from cells for their survival. We can assume that molecular mechanisms found in laboratory isolates of solvent-resistant bacteria may also operate in bacteria inhabiting petroleum-contaminated environments, although no ecological evidence to support this idea has been provided.
To date, a number of studies have used PCR-mediated molecular approaches to analyze genes coding for hydrocarbondegradative enzymes in petroleum-contaminated environments (summarized in reference 38), suggesting that catabolic enzymes homologous to those in laboratory isolates also function in petroleum-contaminated sites. Similarly, PCR assays have also been used for the detection of tetracycline efflux (tet) genes of gram-negative bacteria (1); the study analyzed the distribution of tet genes in lagoons and groundwater close to swine production facilities, suggesting that tet gene pools are present in the environment (1) . The primary purpose of the present study was to develop PCR-mediated molecular approaches for analyzing RND transporter genes relevant to solvent and/or drug resistance (HAE1 transporters) in the environment. In addition, we also sought to determine whether, in addition to hydrocarbon-catabolic enzymes, solvent-efflux pumps are also important for bacteria to thrive in petroleumcontaminated soils.
Phylogeny of bacterial RND transporters in the databases. An RND efflux pump comprises of three subunits: an RND transporter, a membrane fusion protein and an outer-membrane protein (43) . RND pumps have been found in all major domains and constitute a superfamily of transporter proteins with a variety of substrates, including organic solvents, antibiotic drugs, and heavy metals (32) . Phylogenetic analysis of RND transporters has shown that they could be separated into seven distinct families, including HAE1 (hydrophobe/amphiphile efflux pumps of gram-negative bacteria), HME (heavymetal efflux pumps), SecDF (SecDF protein secretion accessory proteins), and NFE (nodulation factor exporters) families (32) .
In our analysis, 217 sequences of bacterial RND transporters were found in the GenBank database; among them, functions of 35 transporters have been experimentally identified, whereas the remaining 182 were hypothetical proteins found in genome-sequenced bacteria. These sequences were aligned by the profile alignment technique of CLUSTAL W version 1.7 (31) , and the alignment was refined by visual inspection. A phylogenetic tree was constructed by the neighbor-joining method (27) with the njplot program in CLUSTAL W, version 1.7. Nucleotide positions at which any sequence had a gap or an ambiguous base were not included in the phylogenetic calculation. Phylogenetic analysis based on the amino acid sequences of these bacterial transporters found six distinct clusters ( Fig. 1) , some of which correspond to the previously characterized families (32) . A cluster corresponding to the HAE1 family (comprised of 83 transporter sequences) includes all known drug or solvent resistance RND transporters (23 sequences), together with 60 hypothetical transporters. Other clusters in Fig. 1 correspond to HME (heavy-metal efflux pumps) and NFE (nodulation factor exporters) families, whereas the remaining three clusters only included hypothetical transporters, and their functions are unknown.
Development of PCR for specific amplification of HAE1 gene fragments. Based on the phylogenetic analysis ( Fig. 1) , amino acid sequences of the RND transporters were rigorously compared. We found two regions that were conserved among the HAE1 transporter sequences (Fig. 2) ; they were used to design PCR primers (A24f2 and A577r2 in Table 1 ). In order to reduce biases in template/product ratios occurring due to the use of degenerate primers (21) , inosine residues were incorporated into the primers at some degenerate positions. The utility of inosine residues for PCR primers has been reported previously (4, 35) . A study has demonstrated the utility of inosine-containing primers for amplifying 16S rRNA gene fragments from environmental DNA samples (35) . Other studies have suggested that interactions of inosine with the four natural bases exhibit different binding energies, although the differences were much less than the differences between the proper Watson-Crick base pairs and mismatch pairs (9, 15) . In order to examine the utility of the designed PCR primers (A24f2 and A577r2), they were used to amplify RND transporter gene fragments from reference strains listed in Table 2 . Amplification was performed with a Progene thermal cycler (Techne) by using a 50-l mixture containing 1.25 U of Taq DNA polymerase (AmpliTaq Gold; Applied Biosystems), 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.01% (wt/vol) bovine serum albumin, each deoxynucleoside triphosphate at a concentration of 200 M, 25 pmol of each primer, and approximately 10 ng of template DNA. The amplification conditions were as follows: 10 min of activation of the polymerase at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at 50°C, and 2 min at 72°C, and finally by 10 min of extension at 72°C. Amplified fragments were analyzed by agarose gel electrophoresis (1.5% [wt/vol]) in Tris-borate-EDTA buffer (28) . The PCR conditions were primarily optimized (30 cycles of amplification) using DNA from the reference strains, whereas the PCR cycle was later increased to 35 to obtain sufficient amounts of the PCR product from soil DNA samples. Table 3 shows that these primers successfully amplified DNA fragments with the expected size from the strains bearing HAE1 genes, whereas no amplification was detected from strains whose genomic analyses found no HAE1 transporters.
Detection and analysis of HAE1 genes in soils. Primer set A24f2-A577r2 was used to amplify HAE1 gene fragments from DNA extracted from the soil samples listed in Table 3 . Soil samples were obtained by using a core sampler in triplicate, transported at 4°C, and stored at Ϫ20°C. The SC and SN soils were obtained from the same area where there had previously been oil storage tanks; SC was contaminated with fuel oils for a long time (over 30 years), whereas spilled oil did not reach to the SN soil. The SS soil was most heavily contaminated with petroleum (mostly heavy fuel oil). The TH soil was mostly contaminated with polycyclic aromatic hydrocarbons derived from waste coals, and the TPH concentration in the TH soil was much lower than in the SC and SS soils.
DNA was extracted from 0.5 g of soil by using a FastDNA Spin kit (Qbiogene) according to the manufacturer's instruction with following modifications. Skim milk (20 mg) was added to 0.5 g of soil before the extraction was begun in order to increase the efficiency of DNA extraction; previous studies have shown that skim milk can prevent DNA from adsorbing onto soil matrices (30, 33) . The extracted DNA was dissolved in 100 l of the DES solution supplied in the kit and quantified a TPH, total petroleum hydrocarbon (lower detection limit, 50 mg kg Ϫ1 ) determined by the infrared method by using an OCMA-350 TPH analyzer (Horiba) after extraction with solvent CFC-316 (Horiba) (n ϭ 3).
b That is, the amount of DNA extracted from 0.5 g (wet weight) of soil as quantified by comparing the band intensity with the intensity of bands of the molecular size markers (n ϭ 3).
c As estimated by the recovery of the phc gene (37) introduced into soil prior to DNA extraction (n ϭ 3). d BDL, below detection limit.
by measuring the band intensity in agarose gel electrophoresis (28) ( ) by using a method described previously (37) . As presented in Table 3 , the DNA recovery efficiency varied from 18 to 34%, which was incorporated into the estimation of copy numbers of RND genes in soil (see below). Figure 3 shows results of PCR using A24f2-A577r2, showing that DNA fragments with the expected sizes (ca. 550 bp) were successfully amplified from these soil DNA samples.
Sequence analyses of PCR products. In order to know if the amplified fragments actually contained HAE1 gene fragments, each amplified fragment was cloned into E. coli and sequenced. Amplified fragments were purified by electrophoresis, ligated into the pGEM-T vector (Promega), and cloned into E. coli as described previously (36) . Vector-harboring clones were selected on Luria-Bertani plates (28) supplemented with ampicillin (50 g ml Ϫ1 ). PCR-amplified fragments were recovered from each colony by PCR with the primers T7W and SP6W (these primers target pGEM-T vector sequences flanking the insertion; see Table 1 ) as described previously (36) . Clones containing appropriate insert sizes were selected by an electrophoretic analysis, and their nucleotide sequences were determined as described previously (36) .
As shown in Table 4 , the sequence analysis of 126 clones in all produced 23 sequence types (classified as a unique clone or group of clones with sequence similarity of 0.9). These nucleotide sequences have been deposited in the DDBJ, EMBL, and National Center for Biotechnology Information nucleotide sequence databases under accession numbers AB161948 to AB161970. Most of the amplified fragments were affiliated with the HAE1 family (Table 4 and Fig. 4) , demonstrating that the PCR could specifically amplify HAE1 gene fragments. The GenBank database search (Table 4) revealed that most of the HAE1 transporter fragments retrieved from the soils showed low homologies (Ͻ70%) to HAE1 transporters previously found in isolated organisms. A homologue (SN45) of the Ttg (Table  4) . We consider that this was due to the substrate specificity of Ttg-type transporters; these transporters preferentially efflux aromatic compounds, whereas aliphatic compounds share the largest portion of petroleum. Figure 4 also shows that the sequence types obtained from petroleum-contaminated soils formed a cluster (designated cluster PCS) that was distantly related to the known HAE1 transporters. In particular, even though the SC and SN samples were obtained from the same area (i.e., the same soil texture and climate conditions), PCS transporters were obtained mostly from the SC sample. These results allowed us to assume that petroleum contamination has resulted in the enrichment of PCS transporters in soil.
Development of PCR for specific amplification of PCS gene fragments. In order to further analyze PCS transporters in soil samples, PCR primers (PCS1f and PCS2r in Table 1 ) specific for the PCS cluster were designed by comparing HAE1 sequences retrieved from the databases and those cloned from the soil samples. PCR was performed as described above except the annealing temperature was 51°C and the amount of each primer was 20 pmol. The specificity was checked by attempting PCR amplification from the reference strains (Table  3) : HAE1 clones obtained from the soil samples (clones containing the sequence types listed in Table 4 ) and DNA samples extracted from the soils (Fig. 3) . No reference strains were positive in PCR for the PCS fragments (Table 3) , and PCR products with the expected size (approximately 240 bp) were obtained only from the sequence types affiliated with the PCS cluster (data not shown). Figure 3 shows PCR amplification of PCS fragments from the five soil DNA samples listed in Table  1 . It can be seen that bands with the expected size were obtained only from the petroleum-contaminated soils (i.e., the SC, TH, and SS soils). These results indicate that PCR with PCS1f and PCS2r can be used to specifically detect PCS genes in both bacteria and soil samples.
Estimation of abundance of HAE1 and PCS genes in soil by cPCR. Competitor fragments were produced using the competitive DNA construction kit (Takara Shuzo). For competi-tive PCR (cPCR) with the primers A24f2 and A577r2, a 334-bp competitor was produced by PCR with the primers A24f2-200F (5Ј-CCSRTITTYGCITGGGTGTAATAGCGATGCG TAATGA-3Ј) and A577r2-500R (5Ј-SAICCARAIRCGCAT SGCAATACATCAAACGCCGCGAC-3Ј) and the template DNA fragments supplied in the kit. For cPCR with the primers PCSf1 and PCSr2, a 340-bp competitor was produced by PCR with the primers PCS1f-F (5Ј-GAICCIGAIITIGCITGGICGT ACGGTCATCATCTGACAC-3Ј) and PCS2r-300R (5Ј-ACTT CICCIACICCSGGIACCGCCATCCTGGGAAGACTCC-3Ј) from the template DNA fragments supplied in the kit. PCR conditions in cPCR were as described above, except for the competitor fragment being added at a known copy number. A total of 2 l of the PCR product was analyzed by electrophoresis through 1.5% (wt/vol) agarose gels with Tris-borate-EDTA buffer, and the gels were photographed after staining with SYBR Gold (FMC Bioproducts). The band intensities of the target and competitor fragments were quantified by using the Multianalyst program supplied with Gel Doc 2000 (Bio-Rad). To determine a copy number of the target fragment in a soil DNA sample, at least five PCR assays with different competitor numbers (decimal dilution series) were conducted in triplicate. Relative amplification efficiencies of the target to competitor fragments in the HAE1 and PCS PCR systems were analyzed by PCR with reaction mixtures containing equal numbers of the target (purified PCR products from PCS clones) and competitor fragments (10 5 to 10 9 copies of each fragment per PCR mixture). In the HAE1 PCR system, the relative amplification efficiency varied from 0.9 to 1.4, with the mean value of 1.2, whereas that in the PCS system varied from 0.3 to 0.6, with the mean value of 0.4; the mean values were used as the relative amplification efficiencies for estimating target copy numbers. A copy number of the target fragment was estimated by considering the band intensity, the length of the fragment, the copy number of the competitor, and the relative amplification efficiency as described by Lee et al. (13) . Interpretation of the results of cPCR for estimating RND genes in soil should, however, be done carefully (as are also the cases of other PCR quantification methods), because heterogeneity in the sequence of unknown genes may cause a variation in the PCR amplification efficiency (41) .
The results of cPCR (Fig. 5) show that copy numbers of the HAE1 genes in the petroleum-contaminated soils were higher than those in the uncontaminated soil samples. It is also shown that PCS genes shared significant proportions of HAE1 genes in the petroleum-contaminated samples. The highest values for copy numbers of HAE1 and PCS genes were estimated for the SS sample that was most heavily contaminated with petroleum among the soil samples analyzed. It is therefore likely that PCS transporters play important roles in soils heavily contaminated with petroleum. Unfortunately, however, since bacteria possessing PCS transporters have not yet been isolated and characterized in the laboratory, the functions of these putative efflux pumps are currently unclear. The PCR assay developed here will be useful for screening bacterial strains isolated from the petroleum-contaminated soils for identifying strains possessing PCS transporters.
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